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Genome sizes vary considerably across all eukaryotes and even among closely related species. The genesis and evolutionary
dynamics of that variation have generated considerable interest, as have the patterns of variation themselves. Here we review
recent developments in our understanding of genome size evolution in plants, drawing attention to the higher order processes that
can influence the mechanisms generating changing genome size.
1. Introduction
It has long been known that tremendous variation in DNA
content exists, even within closely related species, and that
organismal complexity is poorly correlated with genome
size. In plants, genome size ranges from 63Mbp in Genlisea
margaretae to 124,852Mbp in Fritillaria assyriaca [1], a
2000-fold diﬀerence. This diversity of genome size has
generated considerable interest in the nature of sequence
variation among genomes, the mechanisms that operate to
add and/or remove DNA, and the suite of internal and
external evolutionary forces that collectively shape or control
the molecular drivers. Key insights into each of these arenas
have emerged in the recent years from the explosion of
genomic sequence data. Here we provide a synopsis of this
burgeoning field, focusing on the recent developments that
have improved our understanding of the processes that
underlie genome size change in plants.
2. Heterogeneity in Genome Size Fluctuations
After the initial puzzling observation that greater perceived
complexity does not equate to a larger genome [2], it
was quickly realized that the non-protein-encoding fraction
of the genome comprised sequence types that actually
correlated with genome size [3]. Repetitive elements, it was
learned, and primarily LTR-retrotransposons in the case
of plant genomes, could achieve surprisingly high copy
numbers, by themselves accounting for half or more of
the genome for species having “large” genomes [4]. Many
subsequent studies have demonstrated that the fraction and
composition of the genome occupied by these sequences
reflects, mechanistically, the antagonistic eﬀects of insertion,
due primarily to transposable element (TE) proliferation,
and deletion, primarily mediated by unequal intrastrand
homologous recombination (i.e., recombination between
directly repeated sequences, such as the LTRs of single or
adjacent retrotransposons) and illegitimate recombination
(i.e., RecA independent recombination capable of deleting
sequence intervening regions of microhomology) [5–7].
To generate the extraordinary range in extant angiosperm
genome sizes, it has been reasoned, the magnitude of these
mechanisms must also vary among species.
That this is true has now been confirmed in mul-
tiple studies involving taxa distributed widely among
angiosperms. Most notably, it has become apparent that
diﬀerential proliferation of TEs explains the majority of
genome size diﬀerences among species. In the wild rice
species Oryza australiensis, for example, amplification of
three TEs accounts for a 2-fold increase in genome size [8].
Similarly, evidence from Gossypium (cotton) [9] indicates
that the majority of the threefold range in diploid genome
2 Journal of Botany
sizes may be accounted for by amplification of the Gorge3
gypsy element in the larger genomes (but see below).
One important dimension of the foregoing, and other
studies, is the realization that TE proliferation is not a
constant feature of plant genomes nor of any specific lineage,
but that instead it is an episodic or saltational process
throughout the angiosperms. Bursts of transposition have
been inferred from TE dating analyses in many species
[7, 8, 10, 11]. These and other studies also have revealed
that diﬀerent types of TEs (e.g., copia or gypsy LTR retro-
transposons) or diﬀerent subfamilies of a single type (e.g.,
copia LTR retrotransposons) may episodically proliferate at
diﬀerent times. The result is that lineages experience periodic
quantum gains in genome size that are likely controlled
by myriad factors (e.g., epigenetics, recombination rate,
etc.), which vary by element type/family and, presumably,
in response to genomic and environmental factors (e.g.,
hybridization or environmental stress).
In addition to heterogeneity in the amount of historical
TE proliferation, deletional mechanisms also have been
demonstrated to vary in importance among species. The
first such survey of the relative importance of unequal
intrastrand homologous recombination (UR) versus ille-
gitimate recombination (IR) was conducted in Arabidopsis
thaliana, where it was concluded that IR has had a larger
impact than UR, removing more than fivefold DNA [12].
In rice, however, unequal homologous recombination has
been more eﬃcient at purging extraneous DNA (3.3Mbp
for UR versus 2.8Mbp for IR) [13]. Since those two initial
studies, the relative eﬀectiveness of UR versus IR has been
evaluated for diﬀerent species [14–17] and the subject of
their eﬀectiveness relative to one another and relative to TE
proliferation has been a topic of debate [5, 7]. That is to
say, since IR often results in substantially smaller deletions
than UR, the relative eﬀectiveness of IR versus UR has been
questioned, as has the ability of either to reverse, or even
slow, genome size growth in the face of massive transposable
element proliferation, both when considered individually or
together. While it is clear UR has the ability to more rapidly
remove large amounts of DNA, IR has a broader scope of
action (i.e., it is not reliant upon sequence homologies, such
as LTRs, to operate); therefore, the relative impact of each
mechanism will vary as the number of potential sites for UR
diminishes. New evidence (discussed below) also elucidates
the eﬀect genomic properties can have on both deletional
mechanisms, which further underscores the impact that
additional data will have in increasing our understanding of
these mechanisms.
The picture that has emerged from an increased under-
standing of TE proliferation as well as deletional processes
is one which surmises that extant genome sizes reflect
the often oppositional processes of genomic expansion
and contraction. Thus, for example, recently inserted TE
DNA often is rapidly removed, potentially leading to rapid
genomic turnover [18, 19] and even within species variation
[20–22]. A comprehensive study of LTR-retrotransposons in
rice showed that in addition to several bursts of transposition
experienced during the last 5 million years, the rice genome
also experienced a flurry of deletions, ultimately leading to
removal of over half of the inserted LTR-retrotransposon
DNA [11]. Similarly, Hawkins et al. demonstrated lineage-
specific, diﬀerential removal of the TE most responsible for
the threefold variation in genome size among Gossypium
diploids, that is, the gypsy-like Gorge3 element [23]. By
phylogenetically partitioning Gorge3 elements into time
points representing: (1) pre-Gossypium amplification, (2)
Gossypium-specific amplification, and (3) lineage-specific
amplification, and utilizing a novel modeling approach, the
authors were able to reconstruct the ancestral copy number
for Gorge3 and infer gains and losses for each lineage. A
key conclusion is that the smaller genomes are not only not
gaining Gorge3 as quickly as the larger genomes, but they are
also more eﬀective in removing elements, and at a rate that
actually exceeds the rate of gain.
This demonstration that genomic contraction via TE
removal can actually exceed the rush toward genomic obesity
[24] implied by bursts of TE proliferation is mirrored
in an additional study in cotton using a phylogenetically
informed approach to polarize small indels. Indels in two
genomic regions were catalogued and characterized for five
genomes among species whose phylogenetic relationships
were well-established, thus providing the opportunity to
interpret small indels as losses or gains of DNA sequence
[16]. Diﬀerences in the rates of sequence gain and loss
were demonstrated among terminal branches and between
ancestor and descendent, demonstrating that temporal het-
erogeneity characterizes multiple mechanisms of genome
size evolution. Overall, the trend for the diploid genomes,
both extant and ancestral, was toward growth, albeit slowly
in some cases; however, the polyploid experienced growth
of one subgenome (DT) and contraction of the other (AT),
resulting in a net loss for the polyploid genome. While many
deletions contributed to overall contraction, the majority of
sequence loss was attributable to the removal of a single gypsy
element, once again underscoring the potential for rapid
removal via UR.
Finally, it has become evident that insertion and deletion
operate heterogeneously with respect to genomic location.
This is clear from studies using from FISH [25, 26],
sequencing of genomic regions [17, 27–31], and whole
genome sequencing projects [32–35]. This unevenness is
pronounced for the LTR-retrotransposon gypsy superfamily,
whose members often experience a significant bias toward
residing in genomic locations that are considered more
heterochromatic in nature and most often are associated
with pericentromeric or centromeric regions [32, 33, 35–
38]. Other locational biases, however, have also been noted
(e.g., euchromatic regions for copia LTR-retrotransposons
and UTR/exonic regions for SINEs in maize [34, 35], gene-
rich regions for maize Mutator and Helitron elements, [35,
39, 40], and introns for LINEs in maize and soybean [29,
41]). These observed biases likely reflect myriad factors,
including but not limited to insertional preferences, dis-
ruptive potential for insertion in a given region, local rates
of recombination (discussed below), and lineage-specific
eﬀects. The influence of genomic location on deletional
mechanisms has been evaluated less; however, as UR acts
largely on LTR-retrotransposons and both UR and IR are
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recombination based, it is not hard to imagine the relevance
of genomic location to these processes.
3. Epigenetics and Genome Size
While the principal mechanisms responsible for genome size
expansion and contraction appear to be relatively clear, the
factors that stimulate or control each mechanism remain
enigmatic. Because of the heterogeneity in the operation
of insertional and deletional mechanisms with respect to
genomic region, lineage, and time, it stands to reason
that this heterogeneity reflects multiple interacting external
environmental forces as well as intrinsic genomic properties.
One that has garnered much attention in recent years is
epigenetic regulation of transposable elements.
Epigenetic regulation of transposable elements is con-
sidered to be the first line of defense against uncontrolled
TE proliferation. Methylation and heterochromatization of
TEs as a means to limit proliferation is not a recent
idea, with observations in the Mutator system of maize
representing some of the earlier research into epigenetic
regulation of TEs [42–46]. More recently, the pathways
by which TEs are silenced have been illuminated, specif-
ically the dependence upon RNAi to silence transcription
and remodel TE-containing chromatin (reviewed in [47–
49]). Recent evidence from the maize genome highlights
and furthers some of the advances made in understand-
ing these regulatory processes. In the maize collection,
Jia et al. evaluated the consequences of a deficiency in
RNA-dependent RNA polymerase 2 (AtRDR2; mop1 in
maize), a component of the RNA-directed DNA methylation
silencing pathway [50]. Previous gene expression analyses
suggested that even though mop1 is expressed >100-fold
higher in maize shoot apical meristems, the expression
of some retrotransposons is substantially higher as well
(when compared to seedlings) [51]. In this new analysis,
the authors surveyed the expression changes in the mop1
mutant for 797 DNA TE families and 608 retrotransposons
to find that while most of the DNA TE families behaved
as expected in a plant that is deficient in this silencing
pathway (i.e., 78% of expression changes in DNA TE
families was toward increased expression in the mutant),
the retrotransposons behaved counter to expectations in that
the expression changes observed were most often (68%)
toward decreased expression [50]. In addition to changes
in TE expression, many gene expression changes were
also observed, most notably genes involved in chromatin
modifications. Several histone deacetyltransferases, which
have been implicated in heterochromatin formation in
yeast [52], experienced increased expression in the mop1
mutant indicating that those families experiencing decreased
expression may be responding to increased heterochromatin
formation in the mutant. The salient conclusion here is
that not only are there multiple pathways and processes
by which TEs are silenced, but these processes can interact
and sometimes in an antagonistic fashion, which may
permit relaxed control of some TE families and stricter
control of other types. This highlights the complexities
involved in TE regulation and impels a need for further
exploration.
The recognition that TE silencing is RNAi based provides
a reasonable explanation for the cessation of the transpo-
sitional bursts that shape genome size growth; as the copy
number of a TE type increases, siRNAs derived from the
new copies increase in number, which subsequently enhance
silencing of that element type. Bursts of transposition
are often considered to provide a temporary release from
this or related forms of epigenetic suppression, a release
suggested to be initiated by environmental stress [53–56]
or an organismal process such as interspecific hybridization.
In rice, for example, introgression has been linked to
retrotransposon activation which was subsequently shut-
down via cytosinemethylation [57], while in sunflower, three
independent hybridizations between the same two parents
led to rapid proliferation of the same gypsy element in all
three hybrid species [58, 59]. These and other studies lead to
the widely held conceptualization that TEs are ever-present,
typically “well-behaved” genomic residents being held in
check through epigenetic suppression or by flying under the
radar as low-copy elements, but which occasionally are “set
loose” in diﬀerent lineages and times in response to internal
and external stresses that are not fully understood.
Recent work inArabidopsis hints at a possible explanation
for these periodic releases from suppression, while also
underscoring the role that epigenetics plays with respect to
TE deletion [60]. Based on the realization that methylated
sequences often aﬀect the expression of neighboring genes
[61–63], the authors hypothesize that genes near to methy-
lated TEs (met-TEs) would experience lower expression.
In addition, if there exists a cost for methylating TEs that
insert near genes, met-TEs would be subject to purifying
selection and be more quickly removed from gene-rich
regions. By analyzing the methylation status of TEs in the
Arabidopsis genome, it was shown that TE methylation
aﬀects gene expression in a 1.5–2 kb window surrounding
the gene. These results might help explain the diﬀerential
deletion rates that exist for TE families, by suggesting that
the insertion preferences and propensity for methylation
characteristic of each family may influence the amount of
negative selective pressure experienced by diﬀerent types of
elements. A second implication is that periodic releases from
suppression may be a consequence of increased expression
of a met-TE suppressed gene, achieved by TE demethylation
under conditions of stress. Insight into the influence of
epigenetic processes provided by this and similar studies on
the various mechanisms that add to or eliminate DNA from
genomes represent a key area for future research into genome
size evolution.
4. Genetic Recombination and Genome Size
Because deletional mechanisms such as unequal intrastrand
homologous recombination (UR) and illegitimate recom-
bination (IR) are both recombination based, it stands to
reason that local rates of genetic recombination might
impact genome size evolution. Previous studies in rice [13],
4 Journal of Botany
Arabidopsis [12], and other species [15] have evaluated global
rates of UR and IR; however, the eﬀects of local rates of
genetic recombination have been less frequently evaluated
and results have been inconsistent. In Arabidopsis lyrata, a
global bias exists between regions of diﬀering recombination
rates (i.e. TEs are more abundant in the gene-poor peri-
centromeric regions than in the more genic chromosome
arms), but overall recombination rate does not correlate with
TE abundance (when excluding pericentromeric-specific
TEs) in intergenic space [64]. The authors suggest that
the main factor influencing the diﬀerential association of
TEs with pericentromeric and/or gene-poor regions is due
to the short distances between genes in A. lyrata and the
disruptive factor of TE insertions. A recent study in rice,
however, suggests that the rate of genetic recombination
can influence the rate of TE removal [65]. The authors
evaluated the distribution and structural variation of LTR-
retrotransposons (full-length, UR- or IR-deletion types) in
the rice genome and related these to genomic features,
including local rates of genetic recombination and gene
density. Both the local rate of genetic recombination and
gene density were negatively correlated with TE density,
indicating that more TEs were allowed to accumulate in
gene-poor regions of low recombination. In addition, UR
recombination had the greatest eﬀect in regions of high
genetic recombination, whereas IR was most active in
regions of low genetic recombination. Combined with their
observation that UR is able to more quickly remove DNA
than IR, the genomic balance and proportion of regions
experiencing high or low rates of recombination may partly
explain the diﬀerences each of these mechanisms have had
historically in shaping genome size. That is, in species with
relatively large areas of high recombination, UR will likely
be the more active mechanism and will be responsible for
rapidly removing DNA, whereas in species with large areas
of low recombination, IR will be relatively more active and
will be responsible for removing DNA at a slower rate.
Furthermore, as recombination rates are fairly labile in plants
[66], some of the diﬀerences observed in the rates of UR and
IR between genomic regions and closely related species may
be due to the average rate of genetic recombination for that
region or species [16].
Surprisingly, the mechanisms of deletion are not the only
ones associated with recombination. In an interesting discov-
ery, Liu et al. uncovered a strong correlation betweenMutator
element genomic markers indicative of open chromatin,
which is also associated with increased recombination.When
examining Mu insertion site preferences, the authors found
a nonrandom distribution that was similar to the patterns
observed for recombination and gene density; that is, the rate
of Mu insertions and recombination and gene density tend
to be highest near the more euchromatic chromosome ends
and then decrease as the distance to the centromere decreases
[40]. Neither gene density nor a previously described
preference for intragene insertion [67, 68] could adequately
describe the pattern observed; however, upon comparison
with existing cytosine methylation and histone modification
data [69, 70], a strong association began to emerge. Both Mu
insertions and recombination largely favored regions with
strong signals for H3K4me3 and H3K9ac and with low levels
of cytosine methylation, all suggestive of open chromatin
structure. The authors suggest that other TEs that display
biases toward genic regions (e.g., Ac/Ds or MITEs) may
also rely on open chromatin structure for insertion. Thus,
while the distribution of Mu insertions does not rely on
recombination rate, per se, recombination rate itself may be
indicative of regions susceptible to open chromatin targeting
TEs. As the aforementioned lability in recombination rates
may mirror a similar lability in chromatin structure, the
success of these types of elements may be influenced by
diﬀerences among species. Clearly more data are needed to
gain a clearer perspective on the eﬀect of recombination and
chromatin structure on TE success and persistence.
5. Population Genetics and Genome Size
Discussions concerning genome size evolution often center
on themechanisms, events or rates of change that historically
have influenced the genome size of a given lineage or a set
of taxa, often using one individual per species. Population-
level processes such as eﬀective population size and breeding
system may also contribute to the shaping of genomes,
though at present few studies address this relationship.
Because most TE insertions that survive are neutral to
slightly deleterious, they are subject to the twin processes
of selection and drift, and thus relative levels of TE survival
are contingent not just on their internal, genomic ecology
but also on external, population level forces. Much of
the empirical evidence (from mostly bacterial and animal
systems) and relevant theory is presented in Lynch’s recent
book The Origins of Genome Architecture [71]. This relatively
new area of research is now attracting interest from plant
biologists.
Illustrative of this approach, Hollister and Gaut detail
the influence of population dynamics on the retention of a
Helitron element, Basho, in the genome of the selfing plant,
Arabidopsis thaliana. Using a subset (278 of 565) of the Basho
elements predicted in the A. thaliana genome, they screened
a diverse panel of 47 accessions to determine the frequency
of Helitron occupation at each insertion site and related
these to genomic factors such as element length, proximity
to genes, and recombination rate. A high rate of fixation was
detected, as compared to an analogous study in Drosophila
[72, 73], with nearly 50% of the evaluated elements achieving
fixation and 81% existing in over half of the accessions
surveyed, consistent with the notion that genetic drift in this
inbred plant permitted the fixation of presumably slightly
deleterious sequences. The authors also found that the age
of an element is strongly and positively correlated with
fixation, as expected for neutral alleles, whereas length and
proximity to genes is negatively correlated with fixation.
Thus, selection against element accumulation is likely weak
and dependent upon the size of the element, due to the
potentially deleterious eﬀects of a greater potential for
ectopic recombination in longer sequences. The authors
suggest further that ectopic recombination is important in
governing the persistence of Basho in the A. thaliana genome
Journal of Botany 5
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Figure 1: The eﬀects that various mechanisms, genomic properties, and population influences exert on genome size. The innermost ring
represents proximal mechanisms responsible for generating genome size diﬀerences, while the second and third rings represent genomic
properties and population size eﬀects, respectively, which aﬀect the magnitude of those mechanisms.
and suggest that the weak selection observed in A. thaliana
may be higher in an outcrossing relative (e.g., A. lyrata)
where the heterozygous state of many TEs would provide
more potential for ectopic pairings.
In a similar investigation, Lockton et al. used trans-
poson display for six diverse families of TEs (Gypsy-
like LTR-retrotransposon; SINE-like and LINE-like non-
LTR-retroelements; Ac-like, CACTA-like, and Tourist-like
DNA elements) to generate polymorphism datasets for five
populations of Arabidopsis lyrata that had previously been
described demographically [74, 75]. Interestingly, individual
TE bands were found in intermediate to high population
frequencies, suggesting that the selection has not strongly
been operated to remove these TEs. Because mean TE “allele”
frequencies are lower in A. lyrata than in A. thaliana (24%
versus 60% across TE families), the data are consistent with
the expectation that TEs in an outcrossing species experience
stronger selection and are less subject to drift. An interesting
added dimension of this analysis was the calculation of
selection coeﬃcients for the individual populations (located
in Sweden, Iceland, Russia, the United States, and Canada,
and a larger refugial population located in Germany). Most
of the populations, save the refugial German population, had
positive estimates of selection, counter to the expectation
of purifying (negative) selection against TEs. They inferred
that in these populations, all of which had significantly
lower eﬀective population sizes than the larger German
population (by 7–18 fold), drift is able to overcome the weak
selection against TE insertions experienced in A. lyrata (as
estimated using the larger German population). One impor-
tant implication is their suggestion, based on these data, that
the rate of genomic flux in TEs is influenced not only by
current eﬀective population size and breeding system, but
also by demographic history. Thus, small population sizes,
inbreeding, and population bottlenecks are all conditions
that lead to a less eﬀective environment for purging TEs,
and hence genome sizes might be predicted to expand more
rapidly than comparable plant populations not experiencing
these conditions (all else being equal).
6. The Future of Genome Size
Our understanding of the mechanisms responsible for
genome size evolution has vastly improved over the past
decade, with a number of reviews devoted to the patterns
exhibited by these mechanisms among a variety of species
[5, 6, 76, 77]. Less discussed and only more recently
addressed are the multiple factors that influence insertional
and deletional processes as well as their context-dependent
interactions. Thus, for example, we have only begun to
explore how genomic properties, such as recombination and
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epigenetic context, and population level processes, including
eﬀective size, history, and breeding system, aﬀect short-
term and longer-term genome size evolution (Figure 1).
As next-generation sequencing technologies become more
accessible and increasingly applied, it is now possible to
design studies that will enhance our understanding of these
many interactions. Incorporating analyses across several
phylogenetic scales will yield insights into the forces that
shape modern plant genomes and help explain their current
diversity and distinctions.
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